New developments in powder metallurgical composites make soft magnetic composite ͑SMC͒ material interesting for application in electrical machines, when combined with new machine design rules and new production techniques. In order to establish these design rules, one must pay attention to electromagnetic loss characteristics of SMC material. In this work, five different series of iron based SMCs are produced and studied: ͑1͒ Pure iron powder with resin; ͑2͒ sintered iron based powders; ͑3͒ pure iron powder with additions of Zn-st and carbon; ͑4͒ iron based powder alloys ͑Fe,Nb,Si͒; ͑5͒ commercially available iron powder ''Somaloy.'' The specimens were shaped as rectangular rods and characterized on a miniature single sheet tester which was calibrated to Epstein. The measured energy losses are analyzed following the loss separation theory of Bertotti, in which the total energy loss is decomposed into hysteresis loss, classical Foucault loss, and an excess loss component.
I. INTRODUCTION
Iron powders are traditionally used for high frequency applications, while SiFe laminations dominate the low frequency applications. With the development of high purity and highly compressible iron powders, combined with improvements in insulating material systems, ferromagnetic composite powders are now becoming interesting for low frequency applications. 1 Furthermore, powder metallurgy has several advantages such as simplicity of the technology, the final product shape is mostly reached without additional machining, a minimum of material loss and low labor and energy consumption.
The lower permeability of the composite materials implies that they cannot be used as a direct replacement for the laminated structure without a reduction of performance. Indeed, a redesign of the electrical machine is necessary to take advantage of the benefits of the new magnetic composite materials. 2 Also, certain types of electrical machines ͑syn-chronous, permanent magnet, dc, and universal machines͒ are more suitable for these materials than others ͑induction machines, switched reluctance machines͒.
II. EXPERIMENTAL PROCEDURE
In order to check the influence of composition and production parameters on the magnetic properties of the powder material, more than 50 specimens have been produced and studied. An overview of the used compositions and production methods is given in Table I . All studied materials are pure iron or iron based powders, e.g., the iron content in the composition is for all powders above 75 at. %.
The green powder alloys were produced by the standard gas atomization method. Some of the powders were subsequently subjected to milling in a high-energy ball mill to obtain nanocrystalline structure. The so-prepared green powders were sieved and only the fine powder fraction, with a particle diameter below 60 m, was kept for compaction. The microstructure of the obtained green powder alloy was characterized using standard x-ray analysis.
Three different methods of compaction of the prepared green powders have been used. In the first compaction method, the green powder was mixed with organic resin in different weight proportions. The so-obtained mixture was pressed in rectangular rod specimens, which were then subjected to a heat treatment ͑curing͒ in order to increase the mechanical strength of the specimen.
The advantage of the organic resin as a binder is that it reduces the eddy currents since it serves as an insulator between the powder particles and also allows free shaping of the as-produced compact. It was observed that a resin content above 1% should not be used, as this causes a drastic decrease in magnetic permeability. The second compaction method used was the classical sintering. In this case the green powder was also pressed into rectangular rod specimens, which subsequently were heat treated in inert gas atmosphere at different temperatures ͑see Table I͒ . It is well known that due to the enhanced diffusion interaction between neighboring powder particles, a binding of the powder particles and reduction of the porosity, compared to the as-pressed specimens occurs.
The third compaction method used was the hot isostatic pressing ͑widely known as HIP-ing͒. In this case the green powder was enclosed in a container, which prior to the HIP process is evacuated. The container with the enclosed green powder is subjected to high pressure and high temperature. In the sintering process, compaction occurs due to the enhanced diffusion interaction between neighboring particles. The advantage of the HIP process compared to the sintering is that the porosity ratio of the final product is negligible and therefore the basic properties of the product are better.
The magnetic characterization of the rod samples ͑typi-cal dimensions are 100 mm lengthϫ10 mm widthϫ5 mm thickness͒ was carried out on a miniature single sheet tester ͑SST͒. This small size SST was calibrated using a reference material characterized on a standard Epstein frame. 3 Next to the magnetic properties, also the electrical conductivity ͓S/m͔ was measured using a four contact method. 
III. RESULTS AND DISCUSSION
A general approach to the calculation of electromagnetic losses in laminated materials under unidirectional flux (t) is based on the separation of the losses into three components: the hysteresis losses P h , the classical losses P c and the excess losses P e . According to the statistical loss theory, 5 the magnetization process for a sinusoidal flux (t) in a given cross section S of a magnetic lamination with thickness d can be described in terms of a number of n simultaneously active correlation regions, given by
Here, is the electrical conductivity, B p the maximum induction, f the frequency, G is a geometrical constant and equals 0.1356. It is well known that n may be written as a function of the excess field H exc ϭ P e /4f B p . In the case n ϭn 0 ϩH exc /V 0 , the total loss becomes
while in the case nϭ(H exc /V 0 ) s , the excess loss equals
W h and V 0 are microstructure dependent material parameters.
The expression of the classical loss P c in Eq. ͑2͒ assumes that the edge effects may be neglected as the thickness d of a laminated material is much smaller than its width. However, as the thickness to width ratio of the samples used in this study ranges from 0.1 to 0.5, a correction factor ⌫(d,S) is introduced in the classical loss term. In order to evaluate this correction factor for different width and thickness, a 2D field computation is performed, starting from the well-known diffusion equation:
as described in detail in Ref. 6 . These correction factors were obtained as the ratio between the classical losses corresponding to the eddy currents evaluated numerically by Eq. ͑4͒ and the classical losses as in Eq. ͑2͒. An overview of the characteristics of the produced materials is given in Table II . From each of the produced series ͑see Table I͒, only the best representative is shown in Table  II . For the sake of comparison, the magnetic properties of Somaloy with Kenolube lubricant have also been shown in Table II . The power loss P tot is measured using a 50 Hz sinusoidal induction with 1 T peak induction. The listed relative permeability is the maximum of the calculated B p / 0 H p values obtained from 50 Hz magnetization loops at different induction levels.
The total loss per cycle P/ f as function of frequency f and the total loss per cycle diminished by the classical eddy current loss component ( PϪ P cl )/ f as function of ͱ f of the Fe 99 resin 1 ͑from the first series͒ and of the sintered Fe 100 material ͑from the second series͒ are shown in Figs. 1 and 2 , 4.5 GA/HIP/1050°/4 h/150 a Ga-gas atomization, BM-ball milling, HIP-HIP-ing, C-curing, S-sintering. respectively. Losses are reported from dc to 100 Hz. We report in detail on the first (Fe 99 resin 1 ) and second series ͑sintered Fe 100 ) of produced materials, as the frequency dependence of the total electromagnetic losses of the third series of materials is identical to the one of the first series. Moreover, the behavior of the losses of the HIP-ped ͑fourth series͒ materials is similar to the ones of the sintered materials ͑second series͒. Figure 1 presents the behavior of the Fe 99 resin 1 material. As the ( P tot Ϫ P c )/ f curves in Fig. 1͑b͒ are frequency independent, the dynamic total losses behave proportional to f 2 . The conductivity calc is obtained from plotting P tot / f vs f, using the classical expression of eddy currents, see Eq. ͑2͒, and taking into account the correction ⌫(d,S) because of the edge effects in the used samples. However, the calculated conductivity calc does not correspond to the experimentally obtained bulk conductivity exp ( exp ϭ7,2e3 S/m, while calc ϭ29e3 S/m͒. This deviation is probably caused by, first, anisotropy in electrical conductivity of the material. Indeed, the conductivity was measured in the direction of the flux, while eddy currents caused by changing flux are flowing in the plane perpendicular to this direction. It was not possible to measure the conductivity in the direction of the eddy currents because of the sample geometry. Second, a gradient of the specific resistance is due to the fact that the packing density along the specimen is not evenly distributed. The gradient of arises during the first stage of the packing process, e.g., the particle rearrangement, and largely depends on the packing time, the distance of the particles from the container walls ͑known as ''wall effect''͒ and the presence of additives to the green powder, such as lubricants. 7, 8 Finally, because of the specific structure based on insulated particles, eddy currents can flow locally and generate an excess loss component which in this case also exhibits a quadratic frequency dependence ͓Eq. ͑3͒, sϭ0].
The behavior of the total loss of the sintered material is presented in Fig. 2 . The ( P tot Ϫ P c )/ f curves now show approximately a linear dependence of ͱ f except in the case of low frequency. Apart from the hysteresis loss term, a distinct excess loss component is present, following Eq. ͑2͒. As with the Fe resin materials, a deviation between conductivity estimated from loss curves and the measured conductivity is observed.
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